The combination of low mass density, high frequency, and high quality-factor make graphene mechanical resonators 1-8 very attractive for applications such as force sensing, mass sensing, and exploring the quantum regime of mechanical motion. Microwave optomechanics with superconducting cavities 9-14 offers exquisite position sensitivity 10 and enables the preparation and detection of mechanical systems in the quantum ground state 15,16 . Here, we demonstrate for the first time coupling between a graphene resonator and a high-Q superconducting cavity. We achieve a displacement sensitivity of 55 fm/ √ Hz and measure mechanical quality factors up to 220,000, both significantly better than shown before for graphene. Optomechanical coupling is demonstrated by optomechanically induced reflection (OMIR) and absorption (OMIA) of microwave photons [17][18][19] . We observe 17 dB of mechanical microwave amplification 13 and the onset of normal mode splitting 12,20 , both signatures of strong optomechanical backaction. We extract the cooperativity C, a characterization of coupling strength, quantitatively from the measurement with no free parameters and find C = 8, promising for the quantum regime of graphene motion. Here, we present a graphene mechanical resonator coupled to a superconducting cavity.
After the initial demonstration of graphene mechanical resonators [1] [2] [3] , there has been a considerable progress in harnessing the unique mechanical properties of graphene for mass sensing 2 , studying nonlinear mechanics 5, 6 , and voltage tunable oscillators 7, 8 . Graphene is also potentially attractive for experiments with quantum motion: the high quality factor 4, 5 and low mass density of graphene resonators result in large zero point fluctuations in a small bandwidth. The high frequency of graphene resonators also provides low phonon occupation at cryogenic temperatures. Previously employed optical 1 and radio frequency (RF) techniques 2, 3, 5, 6 enabled detection and characterization of graphene resonators, but achieved limited displacement sensitivity with an unclear path towards the quantum regime.
A possible route to the ultimate limit in sensitivity is cavity optomechanics 21 . A natural candidate for implementing cavity optomechanics with graphene resonators is a high-Q superconducting microwave cavity, capable of detecting motion near and below the standard quantum limit 10, 11 . Cavity optomechanics has also been used to bring mechanical systems into their quantum ground state with sideband cooling 15, 22 and to entangle microwave photons with the motion of a mechanical resonator 16 . Combining graphene with superconducting cavities in such a way that both retain their excellent properties, such as their high quality factors, is technologically challenging.
Here, we present a graphene mechanical resonator coupled to a superconducting cavity.
Using a deterministic all-dry transfer technique 23 and a novel microwave coupling design, we are able to combine these two without sacrificing the exceptional intrinsic properties of either. Figures 1(a) and (b) show optical and electron microscope images of the device.
The superconducting cavity is a quarter wavelength coplanar waveguide (CPW) resonator.
Microwave photons are coupled in and out of the cavity via a feedline that is capacitively coupled to the CPW center conductor by a gap capacitor. This gap capacitor also includes a small gate electrode that extends from the feedline into the CPW center conductor ( Figure   1 (b)). The gate is thinned down in a second etch step so that it is 150 nm below the surface of the CPW center conductor metal. In the last step of fabrication, a multi-layer graphene flake (thickness ∼ 10 nm) is transferred over the hole, forming a capacitor between the superconducting CPW resonator and the feedline. An effective circuit model of the superconducting cavity (SC) with the embedded graphene resonator is shown in Figure 1 (c). The cavity can be modeled by an effective lumped element capacitance C sc and inductance L sc . In addition, there are two extra capacitances to the microwave feedline, one from the graphene drum C g and one from the fixed coupling capacitor C c . The motion of graphene dispersively modulates the cavity frequency
24 . The use of the feedline capacitance to couple to the graphene resonator has some convenient practical advantages.
In particular DC gate voltages (for tuning the mechanical frequency) and low frequency RF voltages (for electrostatically driving the mechanical resonator) can easily be applied to the microwave feedline without spoiling the quality factor of the superconducting cavity.
Figure 1(d) shows the measured reflection coefficient (|S 11 |) of the cavity at T = 14 mK. A fit to the data yields a resonant frequency ω c ≈ 2π × 5.9006 GHz, external dissipation rate of κ e = 2π×188 kHz and a total dissipation rate of κ = 2π×242 kHz. The coupling efficiency η = κ e /κ ≈0.77 (> 1/2) indicates that the cavity is overcoupled. (See supplementary information (SI) for additional cavity characterization). Based on the designed impedance of the cavity (Z 0 = 50 Ω) and geometric capacitance of graphene resonator C g ≈ 670 aF, we estimate the cavity pull-in parameter to be G = dωc dx ≈ 2π × 31 kHz/nm.
In Figure 2 , we characterize the mechanical properties of the graphene resonator. To probe the resonant dynamics of the graphene resonator, we have used a homodyne measurement scheme 9 . Here, the cavity is used as an interferometer while injecting a microwave signal near ω c . To drive the graphene mechanical resonator, we add a small RF signal (V ac ) and a DC voltage (V g ) to the microwave feedline. The oscillating motion of the graphene resonator modulates the power reflected by the cavity, which is used to read out the mechanical motion (see SI for detailed setup). Figure 2 (a) shows the mechanical response of graphene resonator. A Lorentzian lineshape fit yields a mechanical resonant frequency ω m ≈ 2π×36.233 MHz and the mechanical quality factor of Q m ≈ 159,000. The resonance frequency ω m is much larger than the cavity linewidth κ, placing us in the sideband resolved limit, a prerequisite for sideband cooling. Using the cavity as an interferometer, we achieve a displacement sensitivity of 55 fm/ √ Hz, significantly better than reported in previous graphene experiments 6,7 .
Using a DC voltage applied to the gate electrode, we can also tune the frequency of the graphene resonator. Figure 2 (b) shows the colorscale plot of the demodulated homodyne signal measured while sweeping the mechanical drive frequency and the gate voltage. The resonance frequency ω m decreases for non-zero gate voltage. Such a behavior has been observed before for graphene resonators and is due to electrostatic softening of the spring constant 3 . We also find that the quality factor of the graphene resonator is gate voltage dependent (see SI for detailed measurement). As the electromechanical driving force (F ac = dCg dx V ac V g ) vanishes at zero gate voltage, the measured signal disappears near V g = 0 V.
In Figure 3 , we demonstrate optomechanical coupling between the graphene mechanical resonator and the cavity, mediated by radiation pressure forces. Qualitatively, reflection and absorption features in the cavity response can be understood as follows. Consider the case of blue detuned driving shown by the schematic in Figure 3 (a).
Under the influence of a strong sideband drive signal (ω d , blue arrow) and a weak probe signal (ω p near ω c , black arrow), the beat between the two microwave signals generates a radiation pressure force that oscillates at Ω ≈ ω m (green arrow), schematically shown by process 1. This oscillating radiation force at frequency Ω coherently drives the graphene resonator. Mechanical motion of the graphene resonator in turn modulates the drive field resulting in a field appearing at ω d + Ω (= ω p , pink arrow) schematically shown by process 2. Being a coherent process, the upconverted field appearing at ω p has a definite phase relation with the probe field. Depending on the phase difference, these fields at ω p can either interfere constructively or destructively to produce an OMIR or OMIA features in the cavity response. In contrast to the first observation of the OMIT 18 , here we observe OMIR on the blue sideband instead of the red sideband. This is a consequence of the overcoupled cavity (η > 0.5) studied here (see SI for details).
In the context of characterizing the graphene resonator, the radiation pressure driving force allows us to measure Q m at V g = 0 V, which is inaccessible in the homodyne measurement scheme with electrostatic driving. Using OMIA, we find quality factors as high as Q m ≈ 220,000 at zero gate voltage, highest quality factor detected for a graphene resonator (additional data in the SI). Furthermore, inside the OMIA window, a fast change in the phase response of the microwave signal can result in a long group delay of microwave photons 19,25 . This delay can be used to implement a microwave photon storage device using a mechanical resonator (additional data in the SI). For our device, we estimated a storage time of 10 ms, comparable in magnitude to that recently demonstrated in conventional mechanical resonators 25 and equivalent to the delay from a hundreds of kilometers long coaxial cable.
In Figure 4 , we explore the optomechanical interaction with the graphene resonator for larger coupling strengths. The optomechanical coupling strength (g) is tunable by the number of drive photons inside the cavity ( see that the OMIR peak has increased such that the reflection coefficient now exceeds unity, indicating more probe photons are coming out than we are putting in. This gain of microwave photons arises from mechanical microwave amplification 13 by the graphene resonator. We are able to achieve up to ∼17 dB gain with a number of added photons noise that can theoretically be as low as the number of thermal phonons (n th ) in the mechanical resonator
13
(at T = 14 mK, we expect n th ≈ 8). The origin of microwave amplification can also be understood in terms of the optomechanical backaction on the cavity: when the coupling strength becomes sufficiently strong such that 4g 2 /γ m overcomes internal dissipation rate of the cavity κ i , the net effective internal damping rate of the microwave cavity becomes negative. A useful feature of OMIA-OMIR data is that height of the peak or depth of the dip allows one to extract can be used to calculate the single photon coupling strength giving g 0 ≈ 2π×0.62 Hz, close to the value expected from the geometric capacitance. We achieve a maximum multi-photon coupling strength g ∼ 2π × 14 kHz with
We conclude by discussing future prospects of the graphene microwave optomechanical device we have presented. With the bath temperature of 14 mK, we expect a thermal occupation of our resonator in the range ofn th = k B T hωm = 8. With the cooperativity we extract from our measurements, our current experiment is already in the regime C + 1 >n th , suggesting we should be able to cool to the quantum ground state. We also note that although other experiments have achieved a much larger absolute cooperativity 20 , only two optomechanical experiments so far have reached C + 1 >n th 15,22 . The maximum cooperativity in present experiment is limited by the maximum power of our signal generator could deliver at the cavity. The superconducting cavity used here can sustain a factor of 5 more photons before it becomes nonlinear, suggesting possible future improvement of C. Furthermore, as C n th is expected to be scale as A 2 /t, where A and t are the area and thickness of the resonator respectively, significant improvement can be made by making bigger and thinner resonators. Quantum applications aside, using our graphene optomechanical device, we have demonstrated 17 dB microwave amplification, potential for microwave photon storage for up to 10 ms, and observed a record-high graphene mechanical quality factor Q m ∼ 220, 000 using radiation pressure force driving. We have also achieved displacement sensitivity of 55 fm/ √ Hz with a bandwidth 3 orders of magnitude larger than the mechanical dissipation rate (κ/γ m ∼ 10 3 ). This provides an unprecedented new tool for studying phenomena as nonlinear restoring forces, nonlinear damping, and mode coupling in graphene. Finally, the simplicity of the microwave design paves the way to study other mechanical resonators from layered materials following this bottom-up approach.
Methods
We have used Mo/Re alloy to fabricate the superconducting cavity. Large superconducting transition temperature (T c ∼ 8 K) allows us to achieve large dynamic range of the cavity.
To fabricate the quarter wavelength superconducting cavity in coplanar waveguide geome- 12, 198-202 (2012) . 24 The motion of graphene capacitor will also modulate the linewidth of the cavity, known as dissipative coupling; proposed recently to enable some novel optomechanical phenomena 26,27 .
In our design, the dissipative coupling is significantly weaker than the dispersive coupling and will be neglected. Additional details are provided in the supplementary information. at T = 14 mK (red). Gray curve is a fit to the data, giving the internal quality factor Q i ≈ 107000 and loaded quality factor Q L ≈ 24250. We achieve a maximum multi-photon coupling strength g ≈ 2π × 14 kHz with n d ≈ 5 × 10 8 . The horizontal error bars result from the uncertainty in microwave power reaching at the cavity. The dimensionless dispersiveÃ and dissipativeB coupling strength are given by S1 ,
where, ω c is the cavity resonant frequency, κ is total dissipation rate, and x zpf is amplitude of the quantum zero point fluctuations of the mechanical resonator. Utilizing the lumped element model as described in the main text, the ratio betweenÃ andB can be written as,
where, C e = C g + C c is total coupling capacitance between microwave feedline and superconducting cavity. Using the parameters of the device described in the main text, we obtain
, which is significantly smaller.
S2. CAVITY CHARACTERIZATION :
The reflection from a single port cavity can be described by S2 ,
where κ i and κ e are the internal and external dissipation rate of the cavity. It is interesting to note that at the resonant frequency the reflection coefficient S
| is determined by the coupling efficiency η ≡ κe κ . Any small deviation from the ideal Lorentzian response arising from impedance mismatch near the coupler S3 can be corrected by considering a complex coupling decay rate κ e = |κ e |e iφ . Figure S1 (a) shows the schematic of the complete measurement setup used for cavity characterization. From a vector network analyzer, a microwave signal is sent to the device through highly attenuated cables. A cold circulator is used to measure the reflection from the cavity. Reflected signal is then amplified by a low noise amplifier (LNA) with a noise temperature of ≈ 2.7 K. To apply DC gate voltage on the microwave feedline, we use a separate DC line (highly filtered with low pass RC and copper power filter) and a bias tee to add it to the microwave feedline. Figure S1 (b) shows the plot of the internal decay rate of the cavity with varied number of probe photons. The presence of the two level systems in the cavity leads to a larger decay rate when probed with small number of photons. As it can be seen from the figure, with large number of the probe photons, internal decay rate reduces, which is a direct consequence of the saturation of the losses due to the two level systems.
With further increase in power, kinetic inductance of Mo/Re starts playing a role and κ i shows a sharper drop eventually turning into a nonlinear response of the cavity. Figure S1 
S3. CHARACTERIZATION OF GRAPHENE RESONATOR:
As described in the main text, graphene dynamics is probed with the homodyne measurement scheme, which allows to measure both quadrature of the mechanical motion. In this scheme, the cavity is driven near its resonance frequency ω c (where the slope of any of the quadrature of the cavity response is maximum). The mechanical resonator is driven by an electrostatic drive (using the source of vector network analyzer) by adding a low power RF signal to the feedline and by applying a DC gate voltage. The mechanical driving force is given by dCg dx V ac V g . Near the mechanical resonance, the graphene resonator acquires large amplitude. This motion modulates the microwave signal reflected from the cavity and produces signals at frequency ω c ± ω m . These sidebands along with the carrier signal are routed towards a low noise amplifier using a circulator. At room temperature, we demodulate this signal by mixing it with the phase adjusted carrier reference. The demodulated signal is filtered, amplified and fed into the second port of the vector network analyzer. A measurement of S 21 in this setup directly probes the responsivity of the mechanical resonator. Using To explain the optomechanical effects on the cavity, we have followed the approach taken in the supporting online material of ref S4 . Our starting point is the expression for the field amplitude A − inside the cavity at the probe frequency given by
where
and
Here κ e is the external decay rate, κ is total cavity decay rate, S p is the probe amplitude, G is the cavity pull-in factor,ā is the drive field amplitude, Ω = ω p − ω d is the beating frequency,∆ = ω d − ω c is the detuning of the drive signal from the cavity center frequency, ω m is the resonance frequency of the mechanical resonator, m ef f is the effective mass of the resonator, and γ m is mechanical dissipation rate.
To relate A − to the reflection coefficient of the cavity, we use the input-output relation for a single port cavity, defining
For a red detuned drive, we take∆ = −ω m and Ω ω m . We introduce ∆ = Ω − ω m as a small detuning parameter. Taking a resolved sideband approximation κ ω m , we get
where we have used g = Gā
For a blue detuned drive, we take∆ = ω m and Ω ω m , introducing ∆ = Ω + ω m as a small detuning parameter. This gives
By introducing normalized variables, η =
the reflection coefficient of the cavity can be written in the following form
where positive (negative) sign is taken for red (blue) detuned drives.
Backaction on the cavity within the mechanical bandwidth
In the limit of exact detuning, following equation (S12), the magnitude of the cavity reflection at ω p = ω c can be written as
Comparing it with the reflection coefficient of the cavity in absence of the optomechanical coupling i.e. |S 11 (ω p = ω c )| = 1 − 2 κe κe+κ i , it becomes quite evident that within the mechanical bandwidth the effect of the optomechanical coupling can be captured by modifying internal dissipation rate to κ i ± The phase swing in the mechanical bandwidth corresponds to a group delay of ≈10 ms.
separate microwave source is used to drive the cavity near the sidebands. The two signal tones are added using a directional coupler (10 dB). Figure S3 (b) shows the measurement of |S 11 | with small optomechanical coupling strength such that any backaction effect on the mechanical resonator can be ignored (red curve). This can be fit to equation (S12) to yield a mechanical quality factor Q m ≈ 220,000 at V g =0 V. Figure S3 (c) shows the phase response φ of the cavity at somewhat larger coupling strength such that κ e κ i + 
S5. ESTIMATION OF THE COOPERATIVITY :
Using the notion of the optomechanical cooperativity C = 
allowing a direct estimation of cooperativity without any free parameters, where positive (negative) sign is taken for red (blue) detuned drive. Figure S4 shows the plot of |S 0 11 | with the number of drive photons for the red and blue detuned drives. For a blue detuned drive while increasing the coupling strength (increase
